Plain language summary
Obesity predisposes individuals to diabetes mellitus which presents with increase in blood sugar levels. Insulin is the hormone that prevents uncontrolled increase in blood sugar in human body. Why some individuals with obesity develop resistance to the actions of insulin and subsequently diabetes mellitus while others do not is still not known. In this study we tried to answer this question by looking at the expression of ATP binding cassette transporter A1 (ABCA1) protein in various fat depots of human body namely visceral (abdominal) and subcutaneous (beneath the skin). In this study we found that among individuals with obesity, those with insulin resistance had lower expression of ABCA1 in their visceral fat compared to individuals who were obese 
Introduction
Obesity, specifically, expansion of visceral adipose tissue, has been shown to be linked with metabolic disorders such as insulin resistance, atherogenic dyslipidemia and hypertension, 1 and the rising prevalence of obesity with attendant comorbidities is of great public health concern. Adipose tissue dysfunction is postulated to be the link between these metabolic dysfunctions and obesity. 2 How obesity leads to adipose tissue dysfunction and subsequently global metabolic derangements is a topic of intense research. Suggested mechanisms for these derangements include chronic low-grade inflammation in the adipose tissue with release of proinflammatory cytokines 3 as well as development of adipose tissue insulin resistance and consequent increase in non-esterified fatty acid (NEFA) efflux. This leads to increased very low density lipoprotein synthesis and secretion from liver and triglyceride (TG) deposition in the skeletal muscle and liver, leading to insulin resistance in these tissues. 4 Still, the underlying mechanism through which adipose tissue dysfunction develops in the first place in the context of obesity is not clearly elucidated. Even more puzzling question is why some obese individuals go on to develop insulin resistance and subsequently type 2 diabetes mellitus, while others do not.
ATP-binding cassette transporter A1 (ABCA1) is an essential membrane protein for high-density lipoprotein (HDL) biogenesis, which acts by facilitating the efflux of cellular free cholesterol and phospholipids to extracellular lipid-free apolipoprotein A-I, forming nascent HDL particles. 5 The estimated contribution of hepatic and intestinal ABCA1 to plasma HDL pool is 70%-80% and 15%-20%, respectively. 6, 7 This suggests that ABCA1 expression in cells other than hepatocytes and intestinal epithelial cells would have minimal physiological role. This concept is now under revision, and there is mounting evidence for the role of ABCA1 in various cell types and tissues. [8] [9] [10] Adipose tissue, with its range of metabolic and immunomodulatory functions, is one such organ under scrutiny. In mouse models, de Haan et al demonstrated that adipocyte-specific abca1 knockout leads to insulin resistance and obese phenotype.
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These mice also showed decreased levels of the most active form of adiponectin, high-molecular-weight adiponectin, in the circulation. In mouse models, Chung et al demonstrated that adipose tissue ABCA1 contributes to HDL biogenesis. 12 Cuffe et al showed that adipocyte ABCA1 modulates dietinduced obesity in mouse models. 13 Even though these studies suggest a possible role for ABCA1 in adipocytes, it is difficult to extrapolate data from studies on rodent metabolism, which differs substantially from human metabolism.
Thus, our objective was to explore a possible link between ABCA1 expression in the adipose tissue and various components of metabolic syndrome, including insulin resistance and circulating HDL levels, in human participants. We also wanted to explore depot-specific differences, if any, in ABCA1 expression in the adipose tissue from individuals with obesity.
Patients and methods

Study design and participant recruitment
This was an exploratory cross-sectional study. We recruited participants through elective surgery schedule of the Department of Surgical Disciplines, All India Institute of Medical Sciences, New Delhi, India. The study group included 34 individuals with obesity (body mass index [BMI] ≥30) undergoing bariatric surgery, and the control group included 28 individuals who were lean (BMI <25) undergoing surgery for conditions that are not known to cause generalized metabolic derangements, mostly laparoscopic cholecystectomy and hernia repair. We excluded individuals with diabetes mellitus, irrespective of their medication status. Individuals who were on medication for dyslipidemia were also excluded from the study. No statistical methods were used for calculating the sample size.
anthropometric measurements
Body weight, height, BMI and waist circumference were obtained on the morning of surgery along with relevant clinical history, and the information was recorded using a questionnaire.
Plasma glucose, insulin, neFa and lipid profile
Blood samples were collected on the morning of the surgery after 12 hours of overnight fast. Glucose was measured using Randox GOD-PAP glucose estimation kit (Randox Laboratories, Crumlin, UK) according to manufacturer's instructions. Insulin was estimated using chemiluminescence-based immunoassay in a Liaison autoanalyzer (Diasorin, Saluggia, Italy). NEFA was estimated using Randox NEFA estimation kit (Randox Laboratories) according to manufacturer's instructions. Lipid profile was estimated using AU480 autoanalyzer (Beckman Coulter, Brea, CA, USA 14 and adipose tissue insulin resistance (adipo-IR), 15 were calculated as described before. HOMA-IR represents insulin resistance at the whole-body level and adipo-IR at the adipose tissue level.
adipose tissue sample collection
Subcutaneous and visceral adipose tissue samples were collected during the surgery from the incision site and greater omentum, respectively. For isolation of total cellular RNA, samples were flash frozen in liquid nitrogen and RNA was isolated as described below. For immunohistochemistry (IHC), samples were fixed in 10% formaldehyde for 24 hours and embedded in paraffin blocks. Tissue sections of 5 µm thickness were mounted on 3-aminopropyl triethoxysilane (Sigma-Aldrich Co., St Louis, MO, USA)-coated slides.
Quantitative real-time Pcr (qPcr) for the mrna expression of abca1, glut4 (slc2a4) and adipoq Total cellular RNA was extracted using Ribozol ™ RNA extraction reagent (Amresco, Cleveland, OH, USA). Total RNA was quantified using Thermo Scientific ™ NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Purity of RNA was estimated by measuring the absorbance ratios at 260/280 and 260/230. Integrity of RNA was estimated using gel electrophoresis and visualizing the ribosomal RNA fractions. cDNA was synthesized using RevertAid reverse transcriptase (Thermo Fisher Scientific). qPCR was carried out using DyNAmo ColourFlash SYBR Green qPCR kit (Thermo Fisher Scientific) and specific primers in a Bio-Rad CFX96 Touch ™ Real-Time PCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA). actb, hprt1 and polr2a were used as reference genes for qPCR. The three aforementioned genes have been identified as the most stable endogenous reference genes in the adipose tissue. 16 Expression levels of the target genes (abca1, slc2a4 and adipoq) were normalized to the geometric mean of the expression levels of the three reference genes.
immuno histochemistry (ihc) for quantification of ABCA1 and GLUT4 (Slc2a4) protein expression IHC for quantification of ABCA1 and GLUT4 expression was carried out manually using monoclonal antibodies specific to ABCA1 (ab18180, 1:50) and GLUT4 (ab65267, 1:800) (Abcam, Cambridge, UK). Staining was carried out using the UltraVision Quanto Detection System HRP DAB (Thermo Fisher Scientific) according to manufacturer's instructions, and slides were counterstained using hematoxylin. Negative and positive control slides were included in each set of staining. Negative control slides were stained after omitting the primary antibody incubation step. Immunoreactivity of each tissue section was scored manually using Olympus BX46 microscope (Olympus Corporation, Tokyo, Japan) by a pathologist. For ABCA1 expression, scores of 0, 1 and 2 were assigned based on the staining intensity and for GLUT 4, scores of 0, 1, 2 and 3 were assigned.
Adipocyte size quantification
Pictures captured from IHC slides of the adipose tissue sections were used for quantification of adipocyte size. Three images from different areas of each tissue section were captured at 10× magnification. These images were used to quantify individual adipocyte area using Adiposoft plugin for Fiji (advanced distribution of ImageJ software [US National Institutes of Health, Bethesda, MD, USA]) in automated analysis mode. A paper validating adiposoft has been previously published. 17 Mean adipocyte area was calculated for each tissue section from the individual adipocyte areas.
Statistical analyses
Statistical analysis and creation of graphs were done using the R Core Team (2018, R: A language and environment for statistical computing; R Foundation for Statistical Computing, Vienna, Austria; URL https://www.R-project.org/) and Adobe Illustrator software (Adobe Systems, San Jose, CA, USA). Statistical significance in terms of P-value was calculated using unpaired t-test for normally distributed data and Wilcoxon rank sum test for data that were not normally distributed. Pearson correlation was used to calculate the correlation coefficient and significance of the correlation. A P-value of <0.05 was taken as statistically significant.
Ethics approval and informed consent
The study was approved by the Institute Ethics Committee of All India Institute of Medical Sciences, New Delhi (Ref.
No. IESC/T-64/21.01.2015) and was conducted in accordance with the Declaration of Helsinki. All participants gave written informed consent before inclusion in the study. Participants did not receive any stipend for taking part in the study. expression levels of aBca1, aDiPOQ and GLUT4 (SLC2A4) in the adipose tissue There were differences in the expression levels of ABCA1, adiponectin and GLUT4 between adipose tissues from individuals who were lean and individuals who were obese, and these differences were depot specific. The expression levels of abca1 at mRNA level were significantly lower (P=0.04) in the visceral adipose tissue from individuals who were obese compared to individuals who were lean ( Figure 1A) . Adipoq also showed an expression pattern like that of abca1, with the expression levels being significantly lower (P=0.001) in the visceral adipose tissue from individuals who were obese compared to individuals who were lean ( Figure 1A ). Subcutaneous adipose tissue did not show any significant difference in the expression of abca1 and adipoq ( Figure 1A) . Levels of slc2a4 were significantly lower in both visceral (P=0.0004) and subcutaneous (P=0.0002) adipose tissues from individuals who were obese compared to individuals who were lean ( Figure 1A) . At the protein level, IHC results for ABCA1 and GLUT4 (SLC2A4) showed similar results to qPCR results. ABCA1 expression was significantly lower in visceral adipose tissue (P=0.04) from individuals who were obese compared to individuals who were lean ( Figure 1B , C), and subcutaneous adipose tissue did not show any difference ( Figure 1B, C) . GLUT4 (SLC2A4) was significantly lower in both visceral (P=0.007) and subcutaneous (P=0.009) adipose tissues from individuals who were obese compared to individuals who were lean ( Figure 1C ).
Results
clinical characteristics of participants
Biochemical parameters and insulin resistance markers
There was no significant difference in HDL-cholesterol levels between individuals who were lean and individuals who were obese. NEFA levels were significantly higher in individuals who were obese. Insulin resistance markers (HOMA-IR and adipo-IR) were significantly higher in individuals who were obese compared to individuals who were lean (Table 1) . For further analysis, we divided participants into insulin-sensitive (IS) and insulin-resistant (IR) groups taking a HOMA-IR level of 2.5 as the cut-off, which is an established level for this purpose. 18 Those individuals with HOMA-IR levels <2.5 were grouped as IS and those with HOMA-IR levels ≥2.5 were grouped as IR. Among lean individuals, 23 were IS and 5 were IR. Among individuals who were obese, 13 were IS and 21 were IR. Further, we divided the participants into three groups. 1 -lean and IS, 2 -obese and IS and 3 -obese and IR. There was no significant difference in the expression levels of abca1 in the visceral adipose tissue from individuals who were lean and IS and individuals who were obese and IS at the mRNA level (P=0.61; Figure 2C ). The expression of abca1 in visceral adipose tissue from individuals who were obese and IR was significantly lower compared to individuals who were obese and IS at the mRNA level (P=0.02; Figure 2C ). At the protein level also, visceral adipose tissue from individuals who were obese and IR had lower ABCA1 expression compared to individuals who were obese and IS, but the difference was not statistically significant (P=0.09; Figure 2D ). This shows that ABCA1 expression in visceral adipose tissue is associated with insulin sensitivity rather than presence of obesity. Grouping the individuals into IS and IR groups using the median HOMA-IR of 2.069 instead of 2.5 gave similar results in the expression of abca1 mRNA (visceral P=0.0001 and subcutaneous P=0.56).
correlation between aBca1 expression and insulin resistance markers 
282
Vincent et al
Discussion
Our study aimed to examine whether there is a change in the expression of ABCA1 in adipose tissue associated with obesity and if this change correlates with metabolic derangements associated with obesity. We found a depot-specific lower expression of ABCA1 associated with obesity. Lower ABCA1 expression associated with obesity was limited to the visceral compartment. ABCA1 expression in the visceral adipose tissue correlated inversely with insulin resistance markers both at adipose tissue level (adipo-IR and GLUT4 expression levels) and whole-body level (HOMA-IR). Even with associated obesity, which is considered to be an IR condition, higher ABCA1 expression in the visceral adipose tissue translated into better insulin sensitivity. The association between ABCA1 expression and insulin sensitivity was independent of age, gender and BMI. This shows that insulin sensitivity, rather than the presence of obesity modulates the expression of ABCA1 in visceral adipose tissue. Even though there are studies in mouse models and isolated adipocytes suggesting the possible role of ABCA1 in adipocytes in modulating insulin sensitivity, 11, 12 we could not find any study suggesting a similar role in humans. Similar studies by Key et al and Tang et al in mouse models with cell-specific ABCA1 knockout in hepatocytes 19 and hematopoietic cells, 20 respectively, suggest that ABCA1 modulates insulin sensitivity. The present study suggests a possible role of adipose tissue ABCA1 in modulating the insulin resistance associated with obesity in humans. Development of insulin resistance is thought to be the underlying pathology of metabolic syndrome. Adipose tissue modulates insulin resistance at the whole body level beyond its own ability to take up glucose. 21 Insulin resistance in the adipose tissue leads to failure of insulin to suppress NEFA release from the adipose tissue, and increased levels of NEFA in the circulation lead to increased TG release from the liver and deposition of TG in tissues such as skeletal muscle, further producing insulin resistance in these tissues. 4 The present study suggests that ABCA1 expression in the adipose tissue could regulate whole-body insulin sensitivity through modulating adipose tissue insulin sensitivity and NEFA release. In support of this hypothesis, we found significantly higher levels of NEFA in both obese and IR individuals.
The expression of ABCA1 paralleled the expression of adiponectin, whose expression has been shown to be regulated at the visceral adipose tissue level. Even though adiponectin is secreted by the adipose tissue, expansion of adipose tissue seen in obesity is associated with decreased levels of adiponectin in the circulation. This decrease has been shown to correlate with the visceral fat area rather than subcutaneous fat area or BMI. 22 This parallel expression pattern is in accordance with earlier studies in cultured adipocytes, suggesting that ABCA1 and adiponectin have common modulators for their expression. 23 Adiponectin expression is suggested to represent the metabolic health of the adipose tissue since decreased level of adiponectin is associated with dysfunctional adipocytes seen in obesity. 24 In the current study, ABCA1 also shows a similar trend, and this could suggest that ABCA1 expression could have a role in the metabolic health of the adipose tissue.
Modulation of ABCA1 expression in the visceral adipose tissue with insulin resistance, which is independent of obesity, and a possible role of ABCA1 in regulating the metabolic health of adipose tissue could explain in part why some obese individuals develop insulin resistance and type 2 diabetes mellitus while others do not. 
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The difference in expression of ABCA1 in adipose tissue did not translate into a difference in HDL-cholesterol levels in the circulation. These results suggest that ABCA1 expression in the adipose tissue is unlikely to have a direct role in determining the levels of HDL-cholesterol levels in the circulation. Mouse models in which adipose tissue ABCA1 expression was ablated showed significantly lower levels of HDL-cholesterol in the circulation. 11 However, the physiological and even the pathological conditions present in human individuals are unlikely to produce effects to the extent of gene knockout scenarios. Further, a qualitative impact could be as significant as a quantitative effect, as reflected in the importance of ABCA1 expression in macrophages. Although cholesterol efflux mediated via ABCA1 expressed in macrophages does not contribute significantly to the levels of HDL in the circulation, 25 this ABCA1 expression is physiologically and clinically significant because it promotes cholesterol efflux, thereby preventing accumulation of cholesterol in the macrophages. This decreases their propensity for being converted into foam cells that initiate the atherosclerosis process. This is the major proposed mechanism by which HDL causes antiatherogenic effects. 26 Further studies are required to explore the role of ABCA1 expression in the adipose tissue in modulating the functional aspects of HDL.
This study does not provide a causal relationship between ABCA1 expression in the adipose tissue and insulin sensitivity. Isolation of total cellular RNA from the adipose tissue for qPCR analysis means that contribution from other cell types, especially adipose tissue-resident macrophages, cannot be excluded. Also, the lack of difference in HDL levels between obese and non-obese groups could be due to relatively small sample size and a slightly higher percentage of females in the obese group. Based on the difference in ABCA1 gene expression between IS and IR individuals with and without obesity, we calculated the necessary sample size (power 90%, alpha 0.0125) to be 37 in each group (lean IS, lean IR, obese IS and obese IR). Despite these limitations, this study provides directions for future research in the field of metabolic syndrome.
The canonical function of ABCA1 is cholesterol and phospholipid efflux from cells facilitating the conversion of free apo-A1 to nascent HDL. Our study indicates that ABCA1 could play a significant role in modulation of insulin sensitivity with significant metabolic implications, despite a nonsignificant contribution to HDL-cholesterol levels in the circulation. This effect is likely to be present both at adipose tissue level and whole-body level. The correlation observed between ABCA1 expression with insulin sensitivity and adiponectin expression suggests a possible role of ABCA1 in overall metabolic health of the adipose tissue. Although ABCA1 function in adipose tissue has not been analyzed from this perspective, it is potentially of interest to explore the interplay with adipose tissue adipokines and subsequent implications on insulin resistance due to the critical role of ABCA1 in regulating cholesterol and lipid metabolism. Further studies are required to establish a causal relationship between ABCA1 expression in the adipose tissue and insulin sensitivity. Also, it needs to be explored whether ABCA1 influences adipose tissue insulin sensitivity through modulating adipose tissue cholesterol balance or through some other mechanisms. Further studies in this direction could explain why some obese individuals develop insulin resistance and subsequently type 2 diabetes mellitus while others maintain normal insulin sensitivity.
Conclusion
Our results show that obesity and insulin resistance are associated with lower expression of ABCA1 in visceral adipose tissue in humans. The association of ABCA1 expression with insulin resistance was independent of presence of obesity. 
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